Introduction
InGaAsN is a candidate material to realize the ultrahigh efficiency lattice-matched multijunction solar cell. This material has the 1eV band gap energy and same lattice constant as GaAs or Ge substrate by controlling the In and N compositions to be 9% and 3%, respectively [1, 2] . So far, the highest conversion efficiency of the lattice-matched multi-junction solar cell is 43.5% at 418-suns which was achieved by the 3-junction solar cell, GaInP/GaAs/GaInNAs [3] . By realizing the 4-junction device, InGaP/InGaAs/InGaAsN/Ge, the efficiency is expected to be 41% at 1-sun under the AM1.5G spectrum and 51% at 500-suns under the AM1.5D spectrum [4] . In order to achieve the expected super high efficiency, the short circuit current, J sc , under a GaAs filter has to be 17 mA/cm 2 at 1-sun under AM0 conditions. However, the highest J sc under that condition has been 10.9mA/cm 2 . This corresponds to the 6.2% conversion efficiency and J sc =26.0 mA/cm 2 without GaAs filters at 1-sun under AM1.5 [5] . The diffusion length of the minority carrier in this case is supposed to be much shorter than 1 μm which is required to achieve the ultrahigh efficiency. Therefore, the mobility and lifetime of the minority carrier should be improved.
The large miscibility gap is a particular characteristic of (In)GaAsN. It means that the phase separation easily occurs in the near equilibrium condition. It is caused by the large difference between the atomic radii of As and N [6] . Because of this property, homogeneous alloys are difficult to be obtained. Various growth techniques have been tried to avoid the phase separation and obtain good alloys: the plasma-assisted molecular beam epitaxy (MBE) [7] , solid source MBE with a radio frequency (RF) nitrogen plasma source [8] , metal organic vapor phase epitaxy (MOVPE) [9] , metalorganic MBE [10] [11] [12] [13] , and chemical beam epitaxy (CBE) [14] .
The chemical reactions at the surface of the substrates are expected to occur in the far-fromequilibrium states in those methods.
The electrical properties of (In)GaAsN has been reported to be drastically deteriorated by increasing the N composition [15] . The Hall hole mobility of p-GaAsN as a function of the N composition is shown in Figure 1 [15, 16] . It seems that the hole mobility is largely determined by the amount of N atoms and independent of the growth methods. This indicates that the N atoms contribute to the formation of dominant scattering centers. The electrical deterioration has been considered to be caused by the inhomogeneity of the N distribution. Therefore, it may be possible to improve the electrical property by controlling the growth process. In this work, CBE technique was used for the growth of GaAsN. This method has been developed in our group and shown the improvement in the electrical properties [18, 19] . [15] [16] [15] In this chapter, the improvement of the carrier mobility and minority carrier lifetime in GaAsN grown by CBE is described. The effects of the growth rate and substrate orientation on these electrical properties are discussed.
In addition, the growth temperature is lower than the other methods. The low temperature is expected to be advantageous to obtain a non-equilibrium condition and homogeneous distribution of N in As sites. The growth condition of the CBE technique is shown in Table 1 . The semi-insulating GaAs(001) oriented in 2° towards [010] was used as the substrate. The growth pressure is around 10 -2 Pa or below, therefore the mean free path of the source gas molecules is in the order of 10 -1 m. The N composition was estimated from the lattice constant of GaAsN(004) determined by Xray diffraction (XRD). Here, elastic distortion and Vegard's law were assumed [20] . The growth rate was determined by the film thickness estimated from the interference fringe peaks in an XRD curve and growth time, or the Dektak surface profilometer in the case that no fringe peaks appeared. The crystal quality of the films was evaluated by the full width at half maximum (FWHM) of the rocking curve of a GaAsN(004) peak.
Growth of GaAsN thin films
The growth temperature dependences of the growth rates are shown in Figure 2 . The growth temperature can be divided into three regions. In the lower temperature region (340 -390 °C), the growth rate increases with increasing temperature. In the middle temperature region (390 -445 °C), the growth rate decreases with increasing temperature. In the higher temperature region (445 -480 °C), the growth rate slightly changes. The relationship between the TEGa flow rate and growth rate in each growth temperature region is shown in Figure 3 . The growth temperatures of 360, 420, and 480 °C in Figure 3 belong to the low, middle, and high growth temperature regions, respectively. Here, the TDMAAs flow rate was 1.0 sccm and MMHy flow rate was 9.0 sccm. In the case that the growth temperature was 360 °C (in the low temperature region), the growth rate saturated above the TEGa flow rate of 0.1 sccm. It indicates that the factor that determines the growth rate changed from the TEGa supply to another process such 360 400 440 480 10 -1 10 0 10 1 The XRD rocking curves of GaAsN(004) are shown in Figure 4 . The GaAsN films were grown at the temperatures of 340, 360, 380, and 480 °C. There are interference fringes in the rocking curves of the last three films, which suggest the uniformity of the lattice constant with flat interface. On the other hand, there is no fringe in the rocking curve of the film grown at 340 °C, indicating a poor quality of the crystal. The N compositions estimated from the XRD measurements monotonically decreased by increasing the growth temperatures as shown in Figure 5 . This is the same tendency as those in the temperature dependence of the growth rate. In the middle region of the growth temperature (390 -445 °C), the decrement of the N composition is relatively small compared to those in the lower (340 -390 °C) and higher (445 -480 °C) regions. 
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Crystal quality of GaAsN grown by CBE
The FWHM's of measured samples divided by the theoretical calculations of GaAsN(004) peaks are shown in Figure 6 . To remove the contribution of the film thickness, those were normalized by using the Schereer's equation. When the film was grown above 360 °C, the ratios are almost 1.0, which indicates good crystal quality. On the other hand, the large ratio of the film grown at 340 °C means poor quality of the crystal, corresponding to no fringe in XRD spectra. This deterioration of the crystal quality possibly occurred due to the incorporation of a large amount of impurities, such as hydrogen and carbon.
The dependence of the N composition on the growth temperature as shown in Figure 5 can be explained qualitatively as follows. A rapid decrease in the N composition with increasing the growth temperature in the low growth temperature region is due to both the increases in the growth rate and desorption rate of N species at the growing surface. Here, we assume that the amount of N species supplied to the growing surface is independent of growth temperatures. Then, the higher growth rate caused the decrement of the N source supply per unit layer growth, since the N source flow rate was constant in every growth conditions. In the middle growth temperature region, the decrement of the growth rate as increasing the growth temperature would enhance the N source supply per unit layer growth. However, the N composition did not increase. It indicates that the desorption rate of N species prevailed in the middle growth temperature region to reduce the N composition as the growth temperature increased. In the high growth temperature region, the N composition again markedly decreases with increasing the growth temperature. The fact that the growth rate remains almost constant in that region as shown in Figure 2 indicates that the increased desorption rate of N species are dominant to determine the N composition. Although these three dependences were also observed in the CBE-grown GaAsN with the atomic N source [14] , the slope of XRD rocking curves in each region is steeper in our result. This is considered to mainly come from the difference in desorption rate between the N sources on the growing surface. To further understand the N incorporation mechanism in CBE with compound N sources, such as MMHy, it is necessary to consider the desorption rate of N species.
Hole mobilities
Hall hole mobility
The hole mobility in p-GaAsN films grown by CBE, MBE, and MOCVD is shown in Figure 7 as a function of N composition [16, 21] . Those grown by the CBE in our group were obtained by Van der Pauw method. The dashed line represents the mobility obtained theoretically by considering the alloy and phonon scatterings. The hole mobility monotonically decreases as increasing the N composition and they are smaller than the theoretical values. The deviation of the mobility from the ideal value is at the same level despite the different impurity concentrations [16, 21] . This indicates that some N-related defects are generated due to the N incorporation, which determine the hole mobility at the room temperature. To evaluate the number of N-related defects, the temperature dependence (77-400K) of the hole mobility was obtained as shown in Figure 8 . The result suggests that there are several different scattering mechanisms. To determine the amount of the N-related scattering centers, we analyzed this temperature dependence. Here, ionized impurity scattering, alloy scattering, phonon scattering, and N-related carrier scattering were considered [22, 23] . The inverse of the mobility limited by the N-related carrier scattering 1/μ N , which is proportional to the density of Nrelated scattering centers, was determined by excluding the contributions of the mobility limited by ionized impurity (μ II ), alloy scattering (μ AL ), and phonon scattering (μ PN ) from the measured mobility (μ exp ), as follows:
Here, 1/μ PN is the sum of the contributions from the acoustical phonon (μ AC ), polar optical phonon (μ PO ), and non-polar optical phonon scattering (μ NPO ) as The expressions of each component of the mobility are described, for example, in ref. [16] .
The relationship between 1/μ N and N composition is shown in Figure 9 . The inverse of the mobility limited by the N-related carrier scattering center (1/μ N ) was determined, which is proportional to the amount of N-related scattering centers. Independent of growth technique, the number of N related scattering centers (1/μ ∝ ) increases as N composition increases.
Improvement of mobility by controlling the growth rate
The above result suggested that the number of N-related defects may be determined by the N concentration of the GaAsN independent of the growth technique. However, here we show the increase of the mobility by controlling the growth rate in CBE. The hole mobility at room temperature and the N composition in p-GaAsN films as a function of growth rate are shown in Figure 10 . The higher mobilities are obtained by decreasing the growth rate. Generally, the hole mobility is decreased by the increase in the N composition owing to the alloy scattering.
To discuss the reason for the increase in the hole mobility, the relationship between the 1/μ N and N composition are shown in Figure 11 . When the growth rate is higher than 1.41 μm/h, there is no improvement of the mobility. By decreasing the growth rate lower than 1.04 μm/h, the 1/μ N (the number of the N-related defects) remains almost constant despite the increase in the N composition. (μ N [N]) -1 as a function of the growth rate is shown in Figure 12 . This is a relative amount of the N-related scattering centers to the total amount of N atoms. (μ N [N]) -1 is decreased by decreasing the growth rate monotonically. Then, the controlling growth rate in CBE is effective to suppress the formation of N-related scattering centers and to improve the mobility, especially for a higher N composition. 
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Lower GR We inferred two reasons for the reduction of the amount of N-related scattering centers by decreasing the growth rate: i) The amount of N adsorbed species which are desorbed from a terrace increases by decreasing the growth rate. We expect that the N adsorbed species adsorbed from a terrace is a cause of N-related scattering centers. The desorption from a terrace is expected to be more frequent than that from a step, since the number of connected bonds of N adsorbed species to the growing surface is smaller at terrace than at step; ii) The decrease in the growth rate increases the diffusion length of N adsorbed species on the growing surface. A large diffusion length is expected to increase the probability of a N adsorbed species to come over a step. Therefore, the probability of a N adsorbed species adsorbed at a step increases. Then, i) and ii) are expected to be advantageous for the improvement of the carrier mobility and lifetime.
Mobility contributed from N-related scattering center
Minority-carrier lifetime
Improvement of minority carrier lifetime by controlling growth rate
As the control of the growth rate improved the mobility, here we show that the decreasing the TEGa flow rate improves the minority carrier lifetime.. The minority-carrier lifetime at room temperature was obtained by time-resolved photoluminescence (TR-PL). A titanium sapphire pulse laser was used for the carrier excitation. The excitation power, wavelength, pulse width, and recurrence frequency were 900 mW, 800 nm, ∼100 fs, and 80 MHz, respectively. To evaluate the minority carrier lifetime of p-GaAsN, the structure of GaAs buffer layer (500 nm)/ p-GaAsN layer (140∼950 nm)/GaAs cap layer (30 nm) was adopted. The cap layer reduced the surface recombination. The PL lifetime (τ PL ) was obtained by PL decay curves. τ PL consists of minority-carrier lifetimes in the bulk of the p-GaAsN layer (τ B ) and at GaAs/GaAsN interfaces (τ S ). The contribution of τ S to τ PL changes as a function of the p-GaAsN layer thickness (d)16) as follows:
Here, S is the GaAs/GaAsN interface recombination velocity. PL lifetime as a function of GaAsN layer thickness was obtained and τ B was determined by eq. (3). The amount of nonradiative recombination centers were estimated qualitatively based on eq. (4), where NNR is the density of the nonradiative recombination centers, and τ NR and τ R are the nonradiative and radiative recombination lifetimes, respectively. τ R was determined by the hole concentration (p) theoretically.
The decay of PL intensity was shown in Figure 13 . The following equation
explains well about the PL decay curve. Here, I PL (t) is the PL intensity at the time t, and I 0 is the PL intensity at t = 0, just after the carriers are excited. The lifetime τ obtained by eq. (5) is the PL lifetime (τ PL ) in eq. (3). To estimate the minority-carrier lifetime in the bulk of the p-GaAsN layer (τ B ), τ PL dependence on GaAsN layer thickness (d) was obtained ( Figure 13 ). When the growth rate was 2 μm/h, τ B was 3.2 x 10 -1 ns ([N] = 0.6%). By decreasing the growth rate to 0.4 μm/h, τ B was increased to 9.0 x 10 -1 ns ([N] = 0.8%) despite the increase in the N composition. Therefore, decreasing the growth rate in CBE is effective to improve τ B . Further, the improvement is more effective when the N composition is higher.
The density of the nonradiative recombination centers determines the nonradiative recombination lifetime (τ NR ). To discuss the amount of nonradiative recombination centers, τ NR is estimated by eq. (4). The recombination lifetime (τ R ) depends on the hole concentration (p), as follows:
1 .
Here, B is the radiative recombination probability, 
where ε is the dielectric constant, m p * and m n * are the hole and electron effective masses, respectively, in units of the free electron mass, T is the temperature, and E g is the band gap. For the p-GaAsN layers discussed here, B calculated by eq. (7) was 1.2 x 10-10 cm3/s. When the growth rate was 2 μm/h, the carrier concentration was 1 x 1017 cm-3. By decreasing the growth rate to 0.4 μm/h, it was decreased to 5 x 1016 cm-3. From eqs. (4) and (6), τ NR and τ R were obtained to be τ NR = 3.2 x 10-1 ns and τ R = 8.0 x 101 ns for the growth rate of 2 μm/h, and τ NR = 9.0 x 10-1 ns and τ R = 1.7 x 102 ns for the growth rate of 0.4 μm/h. These results are summarized in Table 2 . Since τ NR is much smaller than τ R , τ B is mainly determined by τ NR . Therefore, the improvement of τ B is mainly due to the increase in τ NR . These results suggest that decreasing the growth rate in CBE is effective to suppress the formation of nonradiative recombination centers and to improve the carrier lifetime. Then, CBE is highly expected to realize the minority-carrier lifetime of more than 1 ns and the diffusion length of more than 1 μm with the target value of the N composition (3%).
Improvement of minority carrier lifetime by controlling substrate orientation
The effect of the surface orientation on the minority carrier lifetime is studied. GaAsN films were grown on GaAs(311)A, (311)B, and (100) substrates. The (311) surface consists of (111) and (100) components. The surface configurations of the (311)A and (311)B surfaces are shown in Figure 14 . On the (311)A surface, a Ga atom connects to three As atoms, while an As atom connects to two Ga atoms. The same bond configuration holds for the (311)B surface by exchanging Ga and As atoms. The results of the TR-PL measurements at 4.5K of GaAsN films with each growth orientation are shown in Figure 15 . The PL lifetime is estimated by approximating the decay curve of the PL intensity as a straight line. The film with (311)B orientation has a longer PL lifetime, which indicates the longer minority carrier lifetime. The PL spectra at 4.5K of as-grown films with various substrate orientations are shown in Figure 16 (a). The growth temperature was 440 ℃. There are two GaAsN-related peaks denoted as BE (near-band edge) and DL (deep levels) and one GaAs-related peaks in the spectra. The GaAsN-related peaks are in the range of 1.25 -1.40 eV and 1.1 -1.2 eV which are caused by BE and DL emissions, respectively. To understand the orientation-dependent photoluminescence of GaAsN films, the ratio of the integrated intensities of DL to BE (P DL /P BE ) were calculated. The P DL /P BE ratio of the film grown on (311)A had the lowest value at any growth temperatures as shown in Figure 16 (b) . The film grown on (311)A has almost the same N composition as that of (100). Therefore, N composition is not related to the difference in the integrated intensity ratios. This result indicates that the highindex substrate surfaces contribute to reduce defects and composition fluctuations in the epilayers [24] . On the other hand, in contrast to the continuous increase in total emission intensities of (3 1 1)B sample, a decreasing tendency with a rise in growth temperature was recorded for (3 1 1)A. 
Lattice defects in GaAsN grown by CBE
GaInAsN suffers from three main N-related problems: (i) the shortening lifetime of minority carriers, (ii) the lowering of their mobility, and (iii) the increase of carrier concentration with increasing N concentration in the alloy [25] [26] [27] . Indeed, the incorporation of a small atomic fraction of N in the lattice of GaAs gives rise to the formation of high density acceptor states, recombination centers, and scattering levels [28] . It is; therefore, clear that the degradation of electrical properties of GaAsN may be attributed only to the formation of lattice defects. These defects were expected to be formed during growth owing to the smaller atomic size of N than of As, as well as, to the large gap miscibility between GaAs and GaN. For that, extensive works on the distribution of lattice defects in the forbidden gap of Ga(In)AsN and their effects on their electrical properties were published during the last decade. Indeed, the summary of experimental results reported by Geisz and Friedman provides a basic knowledge of these defects [4] . Furthermore, undoped Ga(In)AsN alloys grown by chemical compound sources present a high density of residual impurities [29] . This property is a hindrance to a flexible design of Ga(In)AsN based solar cell and reduces the lifetime of minority carriers. Despite the very interesting results about the distribution of lattice defects in GaAsN, the main causes of short diffusion length of minority carriers and high background doping are still elusive. In this section of the chapter, we summarize the distribution of energy states in the forbidden gap of GaAsN grown by CBE, which was obtained using deep level transient spectroscopy and some related methods. Furthermore, we report the relationship of some defects and the poor electrical properties of the alloy, as well as, our recent results to decrease their impacts. All GaAsN samples were grown by CBE on GaAs (100) 2° off toward (110) substrate, under a growth temperature and a pressure of 420-460 °C and 2 x 10 -2 Pa, respectively. TEGa, TDMAAs, and MMHy were used as Ga, As, and N chemical compound sources, respectively. SiH 4 was used as n-type doping source, whereas undoped films are p-type. The detail of growth conditions using CBE can be found elsewhere [30] [31] [32] [33] . The N concentration in each sample were evaluated from the Bragg angles of the GaAs and GaAsN reflection obtained by high resolution X-ray diffraction (HRXRD) method. The Schottky and ohmic contacts were evaporated through metal masks at a vacuum pressure of 10 -4 Pa. The free donor and acceptor concentrations were calculated by the fitting of the Mott-Schottky plot using the capacitancevoltage method. DLTS spectra were collected using a BIO-RAD digital DLTS system (DL8000). The activation energies Ea [Ev + ET (eV)] for hole traps and Ea [EC -ET (eV)] for electron trap were determined from the slope of the Arrhenius plot of the DLTS signals, whereas the capture cross sections n/p (cm2) were evaluated from the intercept values [34] . Illustrated in Figure 17 (a) is the distribution of energy states in the forbidden gap of GaAsN0.005 grown by CBE. The main electron and hole traps in GaAsN were recorded by DLTS method and shown in Figure  17 (b) and (c). For electrons traps, two peaks (E1) and (E2) were observed in as grown film around 150 and 300 K, respectively. After rapid thermal annealing, E2 disappears completely and a new electron trap (E3) appears at 200 K. Compared with the electron traps in N-free GaAs, only E1 appears after the introduction of a small amount of N. Therefore, we have strongly suggested that E2 and E3 could be considered as native defects in GaAs. Based on the classification of electron traps in GaAs by Maunitton et al., E2 and E3 were considered to be EL2 (+/0) and EL5, respectively [35] . On the other hand, three hole traps, labeled H0, H2, and H5 were commonly observed in the DLTS spectrum of Figure 17 (c) . Compared with the hole traps in N-free GaAs, we could only attribute H5 to the double donor state of EL2 with the charge state (+/++) [36] , however, H2 and H0 appear to be newly observed. The hole trap H0 was confirmed to be a radiative recombination center using single and double carrier pulse DLTS method [30] . Since, our interest is only on the N-related defects which could be correlated with the poor electrical properties and the high carrier density in the alloy, we will focus only on the electron trap E1 and the hole trap H2, which were confirmed to be the main cause of the shortening of minority carrier lifetime and the high background doping in GaAsN films, respectively. The properties of these two defects are summarized respectively in the two next sub-sections. 
Average Thermal Activation Energy
N-related non radiative recombination center
The electron trap E1 was confirmed to be related to the N atom, since its density increases with increasing the N concentration in GaAsN films [31] . Furthermore, it was not observed in N-free GaAs [31] . The activation energy of E1 was found to vary between 0.3 and 0.4 eV below the conduction band minimum (CBM) [31] [32] [33] . This variation in energy level was explained by the effect of the electrical field on the thermal emission of carriers from E1, since the carrier concentration in GaAsN was not identical in all studied samples [4] . In addition, E1 was not only observed in CBE grown GaAsN but also in the DLTS spectra of MOCVD and MBE grown GaAsN and InGaAsN [37, 38] . Moreover, E1 approximately exhibited similar density and tendency with varying the N concentration, despite the quite difference in residual carrier densities between the three growth methods [31, 38, 39] . This result implies that the possible structure of E1 is independent of impurities. The thermal capture cross section of E1 is too large compared with that of native defects in GaAs. For that, it was found that the DLTS peak height of E1 saturates promptly with increasing the time of injection of electrons through the filling pulse parameter [33] . In view of the effective role of E1 in the degradation of electrical properties of GaAsN, we were able to provide evidence that E1 trap plays a major role in the degradation of minority carrier lifetime and acts as a recombination center [33] . For this, we carried out an experiment based on minority carrier capture at majority carrier trap by double carrier pulse DLTS method [30] . In this experiment, E1 was filled with majority carriers during the first pulse, so that E1 centers are occupied with electrons. Then, a forward bias minority carrier injection of short duration was applied in order to introduce capture of minority carriers. When the junction returned of quiescent reverse bias, E1 centers that remained occupied with majority carriers were emptied by thermal emission. The amplitude of this thermal emission provides a measure of the number of carriers that were trapped by E1 and not filled with minority carriers at the end of the injection pulse. A decrease of E1 peak height was observed and confirmed with varying the rate of injection through the duration and the voltage of the second pulse [33] . This result, indeed, indicates that E1 is a recombination center [33] . After this step, it was essential to identify the nature of this recombination mechanism. For that, the temperature dependence of the capture cross section of E1 (σ E1 ( was investigated. As known in DLTS measurements, varying the emission rate window shifts the peak of the defect and the capture cross section may change. From the Arrhenius plots of each emission rate, we established the relationship between σ E1 and the reciprocal temperature [33] . Absolutely, the recombination process through E1 was confirmed to be nonradiative, since σ E1 presents a thermal activation energy of 0.13 eV [33] . Furthermore, σ E1 was evaluated at room temperature to around 10 -13 cm 2 [33] . This result proves that E1 is an active recombination center. In addition, this recombination activity may rises with increasing N in the film, since the activation energy of E1, comes closer to the midgap, following the decrease of the conduction band minimum. The recombination mechanism through E1 was quantified by evaluating the lifetime of electrons from the conduction band the energy level of the electron trap in the forbidden gap of the alloy. Using the SRH model for generationrecombination, the lifetime of electrons from the CBM to E1 was calculated to 0.2 ns [33] [34] [35] [36] [37] [38] [39] . This value was experimentally verified by timeresolved photoluminescence measurements. We, therefore, suggest that E1 is the main cause of short minority carrier lifetime in GaAsN alloys. To understand the formation process of E1 and limit its effect, it was necessary to investigate its origin. First, it was mentioned above that E1 is independent of impurities, such as H, O, and C. Furthermore, E1 was observed in undoped p-type (minority carrier trap), n-type, and Si-doped GaAsN films, which exclude the doping atom from its origin. Therefore, E1 was tentatively suggested to be sensitive only to the host atoms (N, As, and Ga). In addition, using the isothermal capacitance transient method, the density profiling of E1 was found to be quasiuniform distributed GaAsN [31] . This result indicates that the formation of E1 starts and goes on with the growth process. An obvious reason of this behavior is the compensation for the tensile strain, which could be caused by the small atomic size of N compared with that of As. Theoretically, the split interstitials (N-As) As and (N-N) As were expected to form two electron traps at 0.4 and 0.6 eV below the CBM of GaAsN, respectively [40] . These two defects were qualified to be energetically favorable on the growth surface [40] . As the N-dependence of the density of E1 did not show a straight line and since the total N concentration in the film could not be obtained using HRXRD measurements, we have proceed to investigate the relationship between the density of E1 and the flux of the As source. Indeed, we found that the density of E1 shows a peaking behavior with increasing TDMAAs [41] . This result implies that the formation of E1 is sensitive to both N and As atoms. However, this relationship could not be quantified since the atomic fractions between As and N in GaAsN films are quite different [41] . As shown in Figure 18 , the split interstitial (N-As) As is, therefore, expected to be the possible origin for E1. However, more experiments are required to clarify the formation process of this recombination center and to limit its density.
N-related acceptor like state in GaAsN
The high background doping in undoped GaAsN films is a serious problem for solar cell design and fabrication. A small atomic fraction of N changes the conductivity in the film from n-type in GaAs to p-type. Obviously, the formation of N-related acceptors with high density is the main reason of donor compensation. Indeed, two acceptor levels, A1 and A2, were confirmed using Hall Effect measurements [42] . Their thermal activation energies were evaluated to E A1 = 130 ± 20 meV and E A2 = 55 ± 10 meV, respectively. On another hand, the ionized acceptor density N A , obtained using capacitance voltage (C-V) method, showed a linear dependence with N concentration in undoped films grown under a Ga flow rate of TEGa = 0.1 sccm [32] . This indicates that N A depends strongly on a N-related acceptor [32] . However, this linear dependence tends to saturate when TEGa is reduced, even the N concentration is enhanced [32] . The reason of this saturation was clarified using SIMS measurements, where the concentration of H impurity decreases slightly with decreasing TEGa [32] . Hence, this result implies that N A depends strongly to N and H atomic concentrations in the film. To identify this N-H related acceptor level, we carried out C-V measurements in the temperature range 20 -330 K in order to get the temperature dependence of N A . A sigmoid increase of N A was observed between 70 and 100 K [32] . Its amplitude showed a strong dependence with N concentration [32] . It approximately reflects the relationship between N A and N concentration at room temperature [39] . This result indicates that the sigmoid increase of N A between 70 and 100 K is owing to the thermal ionization of a Nrelated acceptor-like state, which thermal ionization energy can be estimated to be between 0.1 and 0.2 eV. Furthermore, as given in Figure 17 (c) , the hole trap H2 was observed in the temperature range of sigmoid increase of N A . The activation of H2 is within the expected range of the Nrelated acceptor state and it is in conformity with theoretical calculation [32, 44] . Furthermore the density of H2 was found to be in linear dependence with N concentration in the samples grown under TEGa = 0.1 sccm. Hence, H2 is suggested to be the main acceptor state which governs the tendency of N A and it is the cause of the increase of junction capacitance in the temperature range 70 to 100 K. The origin of H2 was investigated using the results of carrier concentration and the density of residual impurities in undoped GaAsN grown by CBE under various Ga flow rates, obtained using Hall Effect, FT-IR, and SIMS [32, 42] . From SIMS measurements, which were carried out on GaAsN grown under different TEGa flow rates, it was found that N A depends on the atomic concentrations of N and H [32, 42] . In addition, using FTIR measurements, a linear relationship was established between the concentration of N-H complexes and N concentration [29] . Therefore, H2 was strongly suggested to be an acceptor state and its origin is related to the N-H bond. However, the slope of the linear relationship between N A and the concentration of N-H complexes showed an increase with increasing the growth temperature (T G ∈ [400, 430] C) [29] . This indeed indicates that the N-H complexes could be accompanied with another defect, which binding energy was evaluated to 2.5 eV [29] . On another hand, using theoretical calculation, the formation energy of (N-H-V Ga ) -2 was found to be lower than (N-V Ga ) -3 , (H-V Ga ) -2 , and isolated V Ga -3 [43] . These results may expect V Ga as a possible origin of the unknown intrinsic defect. These predictions were experimentally supported using positron annihilation spectroscopy results [44] . Therefore, H2 may have N-H-V Ga as a possible structure as shown in Figure 18 .
Conclusion
InGaAsN is a candidate material to realize the ultrahigh efficiency multi-junction solar cell. The efficiency of the 4-junction solar cell, InGaP/InGaAs/InGaAsN/Ge, is expected to be 41% under 1-sun (AM0) and 52% under 500-sun (AM1.5). In order to achieve the expected super high efficiency, the electrical property of the InGaAsN should be improved. In this paper, we have shown the following results:
1. The CBE method was developed for the growth of GaAsN films. The growth temperature region was divided into three parts. In the middle growth temperature region (390 -445°C ), the higher N composition without broadening of the XRD rocking curve width was obtained. In this temperature region, a typical characteristics in the growth process is that the amount of the N incorporation into crystal at the surface is not only dominated by the growth rate but also the desorption rate of N species at the surface.
2.
Decreasing the growth rate was effective to improve the hole mobility and minoritycarrier lifetime in p-GaAsN films grown by the chemical beam epitaxy (CBE). The mobility was increased from 120 to 150 cm 2 V -1 s -1 for the N composition of 0.6%. Based on the temperature dependence of the mobility, μ N , which was inversely proportional to the amount of N-related scattering centers, was estimated. By decreasing the growth rate, μ N -1 was reduced especially when the N composition was higher. The result indicates the improved mobility by decreasing the N-related scattering centers. The minority-carrier lifetime in the bulk of p-GaAsN films, τ B , estimated by PL decay curves was improved from 3.2×10 -1 ([N] = 0.6%) to 9.0×10 -1 ns ([N] = 0.8%) despite the higher N composition. The bulk minority-carrier lifetime τ B was mainly determined by the nonradiative recombination lifetime (τ NR ). This means that the nonradiative recombination centers were reduced by decreasing the growth rate, which resulted in the improvement of τ B .
3.
The electron lifetime of p-GaAsN was also improved by controlling the GaAs substrate orientations. The investigation of the effects from GaAs substrate surface orientation and polarity indicates that N incorporation can be enhanced on the (3 1 1)B plane but reduced on (3 1 1)A compared with (1 0 0), where the three dangling bond sites on the (3 1 1) growing surface are considered to play the dominant role. The examination of intensity ratio between emissions from band edge and deep levels evidenced the improved luminescence efficiency of GaAsN layers on (3 1 1) substrates with both polarity. In response to variations in the growth temperature and the postgrowth annealing, optical behavior shows strong dependence on the epitaxial orientation, as illustrated by the relative intensity and low-energy tail of the band-edge emission. (3 1 1)B is distinguished to be the potential substrate to achieve efficient N incorporation.
